INTRODUCTION
Athletic cardiac screening in the young has been studied widely, and its methodology and role continues to be actively debated in the USA. 1 2 Studies in countries including Italy, Japan and Israel have provided varied results with some programmes reporting an apparent reduction in the frequency of sudden death while others failed to show a significant mortality benefit following the addition of an ECG to the screening programme. 3 4 Recent publications have examined the feasibility of athletic screening in the USA, 5 6 however, the feasibility and cost-effectiveness of these programmes nationally remains in question. 1 7-9 In trained athletes, ECG aberrations are common. 10 These may include prominent precordial voltages, T-wave inversions, deep Q-waves and repolarisation abnormalities, and have been reported to occur in as many as 40-80% of trained athletes. [11] [12] [13] [14] These abnormalities often prompt evaluation for underlying cardiac pathology, which can include studies such as exercise stress tests, echocardiography and even genetic testing. The European Society of Cardiology (ESC) published guidelines in 2010 to help distinguish normal ECG findings in athletes from more concerning ECG findings that require further investigation. 12 In 2012, an international group of experts developed the Seattle criteria with similar goals. 13 Hypertrophic cardiomyopathy (HCM) affects 1 in 500 adults. 15 It is defined as unexplained left ventricular hypertrophy without dilation of the ventricular chambers, in the absence of another disease capable of causing the hypertrophy. 16 HCM is characterised by profound heterogeneity as patients can display varying degrees of hypertrophy, fibrosis and left ventricular outflow tract (LVOT) obstruction. 15 Similarly, the clinical presentation can vary from asymptomatic to end-stage heart failure or sudden death. 17 18 HCM is one of the most common cardiovascular causes of sudden death in athletes, and as such is an important diagnosis that needs to be identified by preparticipation screening in the USA. 1 In our study, we sought to compare ECG findings in a cohort of elite high school athletes to a cohort of adolescents with HCM, in an effort to evaluate currently published athlete screening ECG criteria and identify ECG changes more consistent with underlying cardiac pathology.
METHODS Screening
In this Institutional Review Board-approved prospective study, we offered cardiovascular screening to all students between grades 7 and 12 (ages 12-19) at Shattuck St. Mary's School (SSM), a private school located in Faribault, Minnesota, USA. SSM is an institution known for a variety of academic and elite athletic programmes, but is known most for its ice hockey, soccer and figure skating athletic programmes. The student-athletes at SSM participate in a rigorous schedule of athletic training, typically involving at least 4 h of practice or competitions daily. Many of these students go on to play National Collegiate Athletic Association (NCAA) Division I and professional sports. Of the 415 enrolled students at SSM at the time of the study, 187 (45%) agreed to participate. Participation was voluntary and specific information regarding reasons of non-participation was not elicited or available. We obtained both signed parental consent as well as student assent for participation. All students were notified of the results of their evaluation by mail after completion of the study. Forty students were not participating in school athletic programmes, and were excluded from this study.
All student-athletes underwent a limited cardiovascularfocused physical examination, and had their height, weight, pulse rate and blood pressure recorded. We performed a standard 15-lead ECG on each student-athlete, and interpreted them as discussed below. We also performed complete twodimensional, spectral and Colour Doppler transthoracic echocardiograms. All echocardiograms were stored digitally and were interpreted by a single paediatric echocardiographer (BWE). The full cardiovascular evaluation took approximately 30 min to perform for each student. For the purposes of this study, we will focus on the ECG screening results.
ECG measurements
We used the following criteria for assessment of ECG abnormalities. Right atrial enlargement was defined as a p wave height of ≥3 mm in lead II, III or aVF. Left atrial enlargement was defined as a prolonged p wave duration ≥120 ms in lead I or II with negative portion of p wave ≥1 mm deep and 40 ms in duration in lead V1. Left axis deviation was defined as a frontal plane QRS of less than −30°and right axis deviation was defined as ≥120°. Abnormal T-waves were defined as T-wave inversion in two adjacent leads for V2-V6, II and aVF, or I and aVL, excluding V1, III and aVR. Q waves were defined as abnormal when >3 mm deep or 40 ms in duration in ≥2 leads excluding III and aVR per the Seattle criteria. QT values were measured manually from a 12-lead ECG, and a QTc was calculated using the standard Bazett's formula. 19 When possible, leads II or V5 were used for QT interval measurement. Prolonged QT was defined as QTc>470 ms in males and >480 ms in females since these thresholds represent the genderspecific 99th centiles. Short QT was defined as <380 ms per ESC criteria and <320 ms per Seattle criteria. Pre-excitation was defined by a short PR interval (<120 ms) with slurring of the QRS and prolonged QRS segment.
Similar to prior guidelines, 12 Sokolow-Lyon criteria were used for determination of left ventricular hypertrophy (LVH) or right ventricular hypertrophy (RVH). We considered an ECG suggestive of LVH if the S-wave deflection in lead V1 plus R-wave deflection in lead V5 or V6 (whichever was greater) was equal to or greater than 35 mm. An ECG was suggestive of RVH if the R-wave deflection in lead V1 plus S-wave deflection in lead V5 was greater than 10.5 mm per ESC criteria. To meet Seattle criteria, concomitant right axis deviation was required. An ECG was suggestive of biventricular hypertrophy if the total deflection of the QRS complex in lead V4 was greater than 50 mm, or if both LVH and RVH criteria were met.
HCM cohort
The SSM students-athletes' ECG results were compared to ECGs of a retrospective cohort of 148 adolescents with HCM with similar age and ethnicity who were followed at Mayo Clinic from 1 January 1983 to 31 December 2013. Patients with 'syndromic' causes for HCM (including Noonan syndrome, Leopard syndrome, etc) were excluded. Patients were considered to have HCM if they had a clinical diagnosis for HCM made by a paediatric cardiologist and septal or posterior wall thickness ≥13 mm or ≥1 finding(s) of LVOT, systolic anterior motion, diastolic dysfunction, mitral regurgitation, left atrial enlargement or were an apical variant. All patients with previous cardiac surgery other than implantable cardiac defibrillator placement were excluded. Patients who had a paced rhythm at the time of ECG were excluded.
ECG interpretation
The ECGs of the student athletes and the patients with HCM were combined in random order and then interpreted by two paediatric electrophysiologists (BCC and PLW) independently. Disagreements were adjudicated by a third paediatric cardiologist ( JNJ). Thus, all interpreters were blinded to which cohort (student-athlete vs HCM) that each ECG belonged, and blinded to the results of any other testing (clinical examination or echocardiography).
Statistical analysis JMP 10.0.0 (SAS Institute, Cary, North Carolina, USA) was used to analyse the data. All continuous variables were reported as the mean±SD. Means were analysed and compared using a pooled t test. Proportions were analysed using a Pearson χ 2 test. For proportions where one of the variables included a frequency of ≤5, a Fisher exact test was used. A p value <0.05 was considered to be significant.
RESULTS

Student athlete cohort
One hundred and forty-seven student athletes from SSM were included in this study (average age=16.0±1.3 years, 88 males, table 1).
Importantly, all athletes had normal echocardiograms and consequently, the ECG analyses represent an investigation into the frequency of and basis for false-positives in terms of ECG findings that might have predicted a structurally abnormal heart. Specific echocardiographic data for both the student-athlete and HCM cohorts are reported in table 2. Of these 147 student-athletes, 77 (52%) met voltage criteria for LVH (31%), RVH (13%) or biventricular hypertrophy (BVH) (9%) on ECG. Male athletes more commonly met hypertrophy criteria (68/88, 78%) compared to female athletes (9/59, 15%) ( p<0.0001).
Adolescent HCM cohort
One hundred forty-eight adolescents with known HCM were included in this study (average age=16.1±1.8 years, 107 male, table 1). Echocardiographic data were obtained for 147/148 of the patients on or near the date of ECG. These patients had an average LV septal wall thickness of 2.4 cm and LV mass index of 206.3 gm/m 2 . One hundred twenty-six patients (85%) met standard ECG criteria for LVH (32%), RVH (23%) or BVH (30%). Males with HCM more commonly met hypertrophy criteria (96/107, 90%) compared to females (30/41, 73%, p=0.01). Approximately 3% (5/148) of the patients with HCM had completely 'normal' ECGs, with 16 of the 22 that lacked voltage criteria for hypertrophy showing at least one of the following: pre-excitation, abnormal QRS axis, pathological Q-waves, T-wave inversion and/or ST-segment depression.
Student-athletes versus adolescent HCM
There were no significant age or ethnicity differences between the student-athlete and HCM cohorts (table 1). The HCM cohort did have a slightly higher proportion of males (72% vs 60%, p<0.05) and a larger average body surface area (1.92 vs 1.77, p<0.0001). As expected, adolescents with HCM satisfied standard ECG criteria for LVH, RVH or BVH more often than the student-athlete cohort (85% vs 52%, p<0.0001). When the sexes were analysed separately, both males and females with HCM had higher rates of meeting voltage criteria for hypertrophy than student-athletes (90% vs 78%, p<0.02 and 73% vs 15%, p<0.0001, respectively). Table 3 compares lead-specific wave measurements between the two cohorts.
A complete list of abnormal ECG findings in each cohort can be found in table 4.
Significant differences in the frequency of ST-segment depression (30% vs 0%, p<0.0001), T-wave inversions (62% vs 1%, p<0.0001) and pathological Q-waves (21% vs 0%, p<0.0001) were found in the HCM cohort as compared to the student-athletes. Seventy-six per cent of patients in the HCM cohort had at least one of these ECG abnormalities compared to 1% in the student athlete cohort ( p<0.0001). Other ECG findings that were significantly increased in the HCM cohort compared to the student-athletes included left axis deviation (21% vs 0%, p<0.0001), right axis deviation (9% vs 1%, p<0.01), prolonged QT (14% vs 0%, p<0.0001) and preexcitation (12% vs 0%, p<0.0001). An example of an ECG with pre-excitation can be found in figure 1 . Of the 31 patients with left axis deviation, only 3 had no other abnormal finding per Seattle criteria.
ST-segment depression and T-wave inversion
ST-segment and T-wave abnormalities were further delineated by location for each cohort. ST-segment depression with specific leads can be found in table 5. ST-segment depression was present in none of the student-athlete ECGs. In the HCM cohort, ST-segment depression was most commonly found in the lateral leads (24%), but was also present in the inferior (11%) and anterior leads (9%).
T-wave inversions with lead localisation can be found in table 5. Abnormal T-wave inversion was most prevalent in the lateral leads (I, aVL, V5, V6, 47%), but was also common in anterior (V3, V4, 49%) and inferior leads (II, aVF, 30%). Only one ECG in the student-athlete cohort had T-wave inversion past V2 and none had inversion in the lateral or limb leads.
ESC and Seattle criteria
The ECG findings of both the student-athlete and HCM cohorts were stratified according to the ESC and Seattle guidelines for the interpretation of ECGs in athletes. Eighty-nine per cent of the HCM cohort fell into the ESC group 2 category (abnormal) as compared to 24% of student-athletes ( p<0.0001). Using the Seattle criteria, 84% of the HCM cohort was placed in the abnormal category compared to 1% of student-athletes ( p<0.0001). Abnormal findings in the student-athlete ECGs can be found in table 6. Thus, the ESC guidelines resulted in a sensitivity and specificity of 88% and 76%, respectively. The sensitivity and specificity of the Seattle criteria were 84% and 99%, respectively. Figures 2 and 3 show examples of abnormal athlete ECGs.
DISCUSSION
ECG screening of student athletes in the USA is controversial. Some investigators have proposed using ECG screening to reduce the risk of sudden death in athletics. 1 6 12 HCM is thought to be one of the most common causes of sudden death in the young. 1 15 20 Here, we describe a cohort of young elite high school athletes with comparison to a cohort of adolescents with HCM.
LVH/RVH criteria
In the student-athlete cohort, roughly half of all subjects met voltage criteria for LVH, RVH or BVH. The rates of LVH and RVH are similar to those found in prior studies. [21] [22] [23] [24] The male athletes were five times more likely to meet these criteria than female athletes. This gender discrepancy has also been previously reported to varying degrees. 11 23 This observation again underscores the critical importance of excluding voltage criteria for hypertrophy as a sufficient finding in isolation when screening athletes for potential heart disease. Using isolated voltage criteria will result in an unacceptable false-positive rate and the frequency of subsequent referrals will be unnecessarily high. In female athletes, hypertrophy is a less common finding; thus, clinicians may want to be more cautious with a female adolescent meeting voltage criteria for hypertrophy.
ECG stratification
The most useful ECG findings for distinguishing an adolescent with HCM from a student-athlete with a structurally normal heart were ST-segment depression, T-wave inversion or pathological Q-waves, as well as total V3 and V4 QRS voltage deflections. The value of assessing total voltage in V3 or V4 in athletes as a potential marker of pathological hypertrophy requires further investigation. Other abnormalities that were much more common in the HCM cohort included preexcitation/Wolff-Parkinson-White (WPW), left or right axis deviation, left or bilateral atrial enlargement and prolonged QT Figure 1 Example of an ECG with pre-excitation. Note that some patients had findings in more than one location. intervals. Pre-excitation and accessory pathways have been described in patients with HCM. 25 All of these abnormalities are found in the ESC and Seattle criteria as suggestive for a serious underlying cardiac abnormality. 12 13 LVH in isolation was not more common in the HCM group, primarily because many in the HCM cohort met criteria or BVH. LV voltage has been shown to be poorly correlated and with low specificity for LV mass. [26] [27] [28] T-wave inversion T-wave inversion is more common in the HCM population and is very concerning on ECG for underlying cardiac pathology. 12 13 29 T-wave inversion is much less common in the athlete ECG.
11 22 24 In our study, T-wave inversion was present in over half of all ECGs in the HCM cohort in the lateral leads and nearly one-third in the inferior leads. No student-athlete had T-wave inversion present in the inferior or lateral leads. One-third of the HCM cohort had T-wave inversion in the anterior leads beyond V2. In all but one subject in the student-athlete cohort, T-wave inversion in V2 was accompanied only by inversion in V1. In high school athletes, T-wave inversion in the inferior, lateral or anterior leads (excluding V1 and V2) should be viewed as suspicious for underlying cardiac pathology.
ST-segment abnormalities
No student-athlete demonstrated ST-segment depression. In contrast 30% of patients with HCM exhibited ST-segment depression. ST-segment depression has been shown to be very prevalent in patients with HCM 26 29 and warrants further investigation if found in asymptomatic athletes.
ESC/Seattle criteria
Both the ESC and the Seattle criteria were able to further stratify the student-athlete and HCM cohorts. Eighty-eight per cent of HCM adolescents were categorised as group 2 (abnormal) according to the ESC guidelines as opposed to 24% of student-athletes. This frequency for the student athlete group is similar to other previously published studies. 21 29-31 The Seattle criteria had a slightly lower sensitivity for identifying HCM adolescents by an abnormal ECG classification (84%). However, only 1% of student-athletes were categorised as abnormal (false positive). The main reason for this discrepancy was the difference in definition of RVH between the ESC and Seattle criteria, as well as the short QT cut-off (<380 ms in the ESC criteria vs <320 ms in the Seattle criteria). This enhanced specificity has been reported previously and this cohort provides independent confirmation of that observation. 29 Our study did show a 10-15% false-negative rate with both the ESC and Seattle criteria. This is in contrast to Sheikh et al 29 who found that both criteria were successful in identifying 98% of their HCM cohort. One major difference with their HCM cohort was that they were athletes with HCM. One might hypothesise that HCM hearts that have been exposed to exercise might be more likely to exhibit abnormalities. In general, approximately 10% of patients with HCM will have an entirely normal ECG consistent with the false-negative rate found in this study. [32] [33] [34] Using the ESC criteria, roughly one in four student athlete ECGs were considered abnormal and would require further testing. In our cohort, the Seattle criteria increased the specificity and greatly reduced the number of adolescents requiring further testing (1 in 74).
LIMITATIONS
This study compares elite athletes in a Minnesota high school to a cohort of patients with HCM who were seen at a tertiary care hospital in Minnesota. Although they are located relatively close to each other geographically, many of the patients with HCM came from other regions of the USA or even from other countries. Although both cohorts were predominantly Caucasian and not significantly different, ethnicity data was not known on roughly 25% of each cohort, including two of the ECGs determined abnormal by Seattle criteria. Thus, our findings may not be applicable to older athlete populations or cohorts with more ethnic diversity. Although there were no significant age differences between the two cohorts, there was a slight difference in gender makeup and body surface area. Our attempt was to gather data on our HCM cohort at the time of diagnosis, although this was not always possible as some of the patients were referred from other institutions with a diagnosis already, or were diagnosed prior to the minimum age for our inclusion criteria. This HCM cohort was also defined retrospectively which may limit generalisability. Lastly, our student athlete cohort was relatively small and may not have captured the range of ECG findings in a larger or more diverse population of athletes.
CONCLUSIONS
ECGs have been debated as an effective tool for screening for the early detection of heart conditions predisposing to sudden death in athletes. Among elite high school athletes with echocardiographically confirmed normal hearts, over half of all athletes satisfied standard voltage criteria for ventricular hypertrophy. The ESC and Seattle criteria are more effective in differentiating patients with underlying cardiac pathology based on ECG when compared to LVH criteria alone, with the Seattle criteria being much more specific. The presence of ST-segment depression, T-wave inversion and pathological Q-waves in any patient mandates further evaluation for the possibility of an underlying cardiomyopathy. Both ESC and Seattle criteria successfully stratified the student-athlete and HCM cohorts, however each had a false-negative rate >10% for the HCM cohort consistent with prior studies. The false-positive rate was significantly lower using the Seattle criteria.
What are the findings? ▸ Over 50% of elite high school athletes with echocardiographically confirmed normal hearts satisfied voltage criteria for ventricular hypertrophy. ▸ Pathological Q-waves, T-wave inversion or ST-segment depression were most helpful in distinguishing adolescents with hypertrophic cardiomyopathy (HCM) from normal athletes. ▸ Both the Seattle criteria and ESC criteria had a false-negative rate greater than 10% for adolescents with HCM.
How might it impact on clinical practice in the future?
▸ Voltage criteria for hypertrophy show marked overlap between normal high school athletes and adolescents with HCM and thus is a good distinguisher of pathological left ventricular hypertrophy. Voltage criteria should continue to be excluded when evaluating athletes in ECG screening programmes ▸ The presence of pathological Q-waves, T wave inversion or ST-segment depression in any patient mandates further evaluation for the possibility of an underlying cardiomyopathy.
